Polycystic ovary syndrome (PCOS) affects ∼1 in 10 women worldwide. Hypomagnesemia may worsen insulin resistance (IR) due to the role magnesium (Mg) plays in glucose metabolism. This review explores the relation between serum Mg and IR among women with PCOS. A review of primary research focusing on both serum Mg and women with PCOS was conducted from 2011 to 2019. Studies reviewed included human subjects, written in the English language, and limited to community-dwelling women aged ≥18 y. A total of 7 articles were reviewed. The findings from 4 epidemiological analytic studies evaluating serum Mg status suggest there may be a relation between serum Mg concentrations and IR among women with PCOS. However, among the 3 experimental trials, Mg supplementation inconsistently impacted IR among women with PCOS.
TABLE 1 Criteria for the diagnosis of polycystic ovary syndrome
The treatment of PCOS is dependent upon the signs and symptoms, but current recommendations include weight loss as well as metformin for premenopausal women (7) . Although weight loss, even as little as 5%, has been noted to restore normal menses and improve ovulation (7) additional cardiometabolic risk factors may still be present. Furthermore, weight loss may be inappropriate for women presenting as underweight or within a normal weight range or body composition. Therefore, it is critical to evaluate additional treatment options for women seeking disease control without medication or for those women who find weight loss difficult or potentially not appropriate.
Magnesium
Magnesium (Mg) is a cofactor in over 300 enzyme systems and is a required nutrient for both energy production and nucleic acid synthesis (11, 12) . The normal blood serum concentration of Mg is between 0.76 and 1.15 mmol/L (1.85-3.65 mg/dL) (12) , however, Mg researchers indicate the lower reference limit of serum Mg concentration should be 0.85 mmol/L (2.07 mg/dL), particularly for individuals with impaired glucose control (12, 13) . The RDA for women aged ≥19 y is 320 mg (14) . There is no evidence of adverse effects related to high intakes of naturally occurring magnesium in foods, thus no tolerable upper intake level (UL) is set for dietary Mg intake (14) . However, excess supplemental Mg intake can produce diarrhea and rarely, more serious issues such as hypotension, weakness, and confusion (15) . Therefore, a UL of 350 mg/d from supplemented Mg for women aged >14 y was established to reduce the risk of adverse reactions from excess intake (14) .
Mg is an abundant mineral found in plant and animal sources as well as drinking water (16) . Most foods containing dietary fiber also provide Mg, such as leafy green vegetables, whole grains, legumes, nuts, and seeds (16) ( Table 2) . Furthermore, some grains, including breakfast cereals, are fortified with Mg. Water, including tap, mineral, and bottled, is a source of Mg, but content varies from 1 mg/L to >120 mg/L depending upon the brand and source (17) .
It is estimated that over half of Americans do not obtain ample dietary Mg for various reasons, including low concentrations of Mg in processed foods and common dietary staples such as meat, sugar, and white flour (16, 18) . Additionally, the cooking and boiling of produce diminishes the Mg content of food (16) . Excessive doses of vitamin D may increase urinary Mg excretion, as Mg is necessary for the conversion of vitamin D into its active form (11, 19) . Common medications, such as H2 blockers, proton pump inhibitors (PPIs), and diuretics, reduce the absorption of Mg (11) . The FDA suggests clinicians should consider checking serum Mg concentrations prior to initiating PPI therapy for individuals requiring long-term therapy (≥1 y) or with polypharmacy (20) . Prescription medications and overthe-counter medications, including PPIs and diuretics, in addition to diet history, should be evaluated as part of the clinician's assessment of the patient.
Mg and IR
Mg directly influences glucose metabolism by acting as a cofactor for many enzymes involved in energy metabolism as well as being part of the Mg 2+ -ATP complex (21) . Beyond the role as a cofactor for over 300 enzymes, Mg is essential for both aerobic and anaerobic energy production by glycolysis and oxidative phosphorylation via the Mg-ATP complex or directly as an enzyme activator (12, 16) . The association between Mg and IR among individuals with diabetes mellitus (DM) and metabolic syndrome are well documented (22) (23) (24) (25) , with low concentrations of magnesium being associated with IR.
It is believed IR is the main pathogenic factor related to the increased rate of metabolic disturbances among women with PCOS (26) . The exact underlying cause of IR remains unclear, however numerous mechanisms have been suggested, including oxidative stress and inflammation, endoplasmic reticulum stress, insulin receptor mutations, and mitochondrial dysfunction (3, 27) .
Mg is required in the cellular absorption and conversion of glucose into energy (28, 29) , and is essential for the autophosphorylation of the insulin receptor, tyrosine kinase (28, 29) , which plays a crucial role in glucose uptake in muscular and adipose tissue (28, 29) . The presence of Mg ultimately increases ATP receptor sensitivity by increasing tyrosine kinase activity (28, 29) . Mg is also required in cellular glucose transport via glucose transporter protein activity-4 (GLUT-4) (28, 29) . The autophosphorylation of tyrosine kinase influences the translocation of GLUT-4 to the plasma membrane. The facilitation of glucose transport thereby lowers blood glucose concentrations (28, 29) . It is theorized individuals with DM may benefit from Mg supplementation due to its insulin-sensitizing effect as well as its antagonistic effect with calcium (Ca) (30) . Mg may also aid in regulating oxidative stress, thus reducing inflammation and thereby stabilizing the endothelium (30) . As such, this benefit may translate to a similar population, such as women with PCOS, particularly women with IR.
Low dietary and serum Mg concentrations as well as an increased Mg urine output are frequently noted among individuals with IR and type 2 diabetes (31). In a 2016 systematic review and metaanalysis, researchers evaluated the effect of oral Mg supplementation on insulin sensitivity and glucose control among individuals presenting with and without DM (25) . Mg supplementation doses ranged from 300 to 750 mg/d (25) . Researchers found longer Mg supplementation duration, ≥4 mo when compared with <4 mo, significantly improved HOMA-IR (P = 0.001) and fasting glucose (P < 0.001) in both groups (25) . A subgroup analysis of the Mg supplementation noted a significantly greater reduction in plasma glucose (P = 0.002) and HOMA-IR (P = 0.009) among individuals with low serum Mg concentrations when compared to individuals with normal serum Mg status (25) .
Research evaluating the dietary habits of women with PCOS indicate 1 out of 4 women do not consume adequate amounts of dietary Mg (32) . A study by Asemi et al. indicates women with PCOS consume an average of 233 mg/d of Mg, which is below the RDA of 320 mg/d for women aged ≥19 y (33) .
With noted improvements among individuals with other metabolic disorders, such as DM, it is plausible to question if Mg may play a role in the nonpharmacologic treatment of IR among women with PCOS. The primary purpose of this review was to determine if there is a relation between serum Mg concentrations and IR among women with PCOS.
Methods

Search strategy
PubMed, the Cochrane Library, and Scopus were utilized to search the literature with keywords "PCOS" or "polycystic ovary syndrome and Mg". Both medical subject headings (MeSH) terms and non-MeSH terms "magnesium" and "PCOS" were used. The articles included for the review were human, primary articles published within the previous 8 y, between 2011 and 2019, written in the English language, and limited to women aged ≥18 y. Studies involving participants with poor prognosis or acute, critical illness including HIV/AIDS, renal disease, cancer, organ transplant, hepatic disease, as well as those who were pregnant or breastfeeding were excluded. A total of 44 articles were identified from the search, with 1 additional source identified from a manual search of previously published articles. After eliminating duplicates and reviewing titles and abstracts of all articles, a total of 13 full-text articles were evaluated. Of those records, 6 full-text primary articles were excluded from the review, and 7 were included. Reasons for exclusion included participants aged <18 y, evaluation of dietary Mg excluding blood serum Mg concentrations, and outcomes of interest excluding IR (Figure 1 ).
Data analysis and outcome measures
A total of 7 primary articles were reviewed and included in this stateof-the-art review. The Academy of Nutrition and Dietetics Evidence Analysis quality criteria checklist was utilized to evaluate all included studies (34) . The relation between serum Mg concentrations and IR was evaluated utilizing glycemic parameters including, but not limited to, insulin, fasting blood glucose (FBG), and HOMA-IR, among women with PCOS. A full summary can be found in Tables 3 and 4.
Results
Of the 7 primary articles reviewed, 4 were epidemiological analytic studies that evaluated serum Mg status among women with PCOS compared with a control group ( Table 3) . The other 3 studies were randomized controlled trials (RCTs) evaluating Mg supplementation compared with a placebo group among women with PCOS ( Table 4) .
PCOS and serum Mg status
In the positively rated, 2011 cross-sectional study by Kauffman et al. researchers aimed to determine if serum Mg concentrations correlate with IR, glucose intolerance, obesity, PCOS phenotype, and other endocrine and metabolic parameters among women with PCOS (35) . Premenopausal American women (n = 100) with PCOS were compared with women (n = 20) without PCOS within the same age and weight range (35) . Except among women with prolonged amenorrhea, venous blood samples were obtained between days 2 and 5 of the follicular phase post overnight fast (35) . For women with prolonged amenorrhea, the follicular phase was not taken into consideration for the venous blood draw (35) . Mg concentrations were similar among women with IR + PCOS when compared with women with noninsulin resistant (NIR) + PCOS (0.82 mmol/L compared with 0.83 mmol/L, P = 0.34); however, both concentrations were below the recommended normal reference range (35) . When comparing Mg concentrations to BMI status, no difference was found between the groups (P = 0.15). Participants with both DM + PCOS had a mean Mg concentration of 0.80 mmol/L, women classified as prediabetic had a mean Mg concentration of 0.85 mmol/L, and women with normal glucose concentrations had a mean Mg concentration of 0.83 mmol/L, thus there was no difference between groups (P = 0.13) (35) . Mg concentrations were similar across all PCOS phenotypes and were not significantly different when compared with women without PCOS (35) . Researchers concluded Mg concentrations do not correspond to insulin sensitivity or glycemic control in women with PCOS (35) . Although researchers considered PCOS phenotype and the control was matched based upon age and weight, 90% of the women in the study were anovulatory and the comparison group was of small sample size (35) .
Conversely, Chakraborty et al. completed a positively rated, prospective cohort study in 2013 (36) . The researchers examined serum concentrations of essential elements, including copper (Cu), zinc (Zn), Mg, manganese (Mn), Ca, and chromium (Cr), among insulin resistant and NIR women with PCOS (36) . Premenopausal Indian women with PCOS (n = 132) were separated into 2 groups, IR (n = 50) Records identified through database searching (n = 44)
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compared with NIR (n = 82) and compared to women (n = 46) of similar age and BMI who presented without a diagnosis of PCOS (36) . Women with a HOMA2-IR >2.1 were classified as insulin resistant (36) . Blood samples were collected between the second and fourth day of the menstrual cycles at 09:00 h, after an overnight fast (36) . Fasting insulin (12.38 ± 0.83 compared with 8.12 ± 0.66 μIU/mL, P <0.004) concentrations and HOMA2-IR (2.21 ± 0.25 compared with 1.27 ± 0.37, P < 0.05) were significantly higher among women with PCOS compared with the control group (36) . Women with IR + PCOS, when compared with the control group, had significantly lower concentrations of serum Mg (P < 0.04), whereas Mg concentrations among women with NIR + PCOS were similar to the control (P > 0.05) (raw data for Mg concentrations using mg/dL or mmol/L was not provided) (36) . Researchers noted Mg to be significantly correlated with fasting insulin concentrations among women with IR + PCOS (r = −0.31; P < 0.03) (36) . The authors concluded a possible association between serum elements and IR, including Mg, in women with PCOS (36) . Furthermore, women with IR + PCOS had decreased Mg concentrations (36) . Although the sample size was large and compared IR and NIR women with PCOS to the control sample, there were a few limitations (36) . The subjects were infertile for 5-10 y and PCOS phenotype was not evaluated (36) . Potential confounding factors, including dietary supplementation and diet, were not addressed (36).
Similarly, Rajeswari et al. completed a neutral rated, prospective case-control study in 2016 (37) . The researchers aimed to analyze biochemical parameters including FBG and serum Mg among women with PCOS (37) . Premenopausal Indian women (n = 80) with PCOS were compared with Indian women (n = 40) without PCOS within the same age range (37) . The study found significantly higher FBG concentrations in women with PCOS than the control (116.65 ± 11.15 compared with 89.10 ± 5.89 mg/dL, P = 0.0001), with a significantly lower serum Mg among women with PCOS than the control (1.210 mg/dL ± 0.239 compared with 2.087 mg/dL ± 0.189, P = 0.0001) (37) . The serum Mg concentrations among women with PCOS were below the recommend normal reference range, whereas the control group was within the normal reference range (37) . There was also a significant negative correlation between glucose and Mg (r = −0.412, P = 0.0001) (37) . The researchers concluded women with PCOS present with lower serum Mg concentrations and higher FBG than women without PCOS. Limitations of the study included matching by age without consideration of weight or PCOS phenotypes and a small sample size (37) . Furthermore, the authors did not adjust for potential confounders such as diet or supplementation (37) .
Conversely, Kanafchian et al. completed a positively rated, casecontrol study in 2019 (38) . The researchers evaluated serum copper (Cu), Mg, and total antioxidant capacity (TAC) concentrations in 1.27 ± 0.37, P < 0.05).
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CURRENT DEVELOPMENTS IN NUTRITION
addition to biochemical glycemic parameters, among women with PCOS (38) . Premenopausal Iranian women with PCOS (n = 60) were stratified into 2 groups based upon IR (n = 36) compared with NIR (n = 24) and compared Iranian women (n = 90) without PCOS of similar age (38) . The study found Mg concentrations were similar between PCOS compared with the control (P = 0.322) with no difference between groups based upon IR (P = 0.190) (38) . However, when the IR + PCOS group was compared with the NIR + PCOS group, researchers found a negative correlation between Mg and FBG (r = −0.509, P = 0.002), HOMA-IR (r = −0.449, P = 0.006), and a positive correlation between Mg and the quantitative insulin sensitivity check index (QUICKI) (r = 0.480, P = 0.003) (38) . Additionally, TAC was significantly lower among women with IR + PCOS compared with NIR + PCOS and the control (P < 0.001) (38) . The researchers indicated a correlation between Mg and IR among women with PCOS, with a negative correlation between Mg and TAC that may contribute to oxidative stress and IR (38) . Limitations of the study included matching by age without consideration of weight or PCOS phenotypes, a relatively small sample size, and no adjustments for potential confounders such as diet or other baseline variables (38) . 
Effectiveness of Mg supplementation
In the positively rated 2013 randomized trial by Muneyyirci-Delale et al. researchers evaluated the effect of spironolactone, glucophage, and Mg on the serum lipid profile, free fatty acid (FFA) concentrations, and insulin sensitivity in women with PCOS (39) . The researchers evaluated Mg oxide treatment compared with traditional medications as previous studies have indicated a low serum Mg status among women with PCOS (39) . Premenopausal American women (n = 36) were randomly assigned to 1 of 3 groups: Group 1 (n = 14) 500 mg glucophage; Group 2 (n = 10) 400 mg Mg; Group 3 (n = 12) 50 mg spironolactone (39) . All participants consumed the medication or supplement twice daily by mouth for 12 wk (39) . A glucose tolerance test using a 75 g glucose load was performed at baseline and after treatment, collecting blood at 0, 1, and 2 h for insulin, glucose, FFA, and aldosterone determination (39) . The subjects were asked to keep dietary habits and physical activity consistent for the duration of the study (39) . Posttreatment, researchers found spironolactone to significantly decrease FFA concentrations (P < 0.3) and systolic blood pressure (P = 0.04) as well as significantly increase aldosterone concentrations (P < 0.001) (39) . The glucophage group had a significantly decreased BMI (P < 0.04) (39) . However, Mg supplementation did not significantly change baseline weight, cholesterol, FFA, or insulin sensitivity among participants (P > 0.05) when compared posttreatment (39) . Although researchers noted Mg supplementation did not produce significant outcomes, the researchers did not evaluate baseline serum Mg among participants (39) . This limitation, as well as the small sample size and relatively short duration of the study may also play a role in the outcome (39) . Furthermore, the Mg supplementation was above the UL, however, no adverse events were reported (39) . Mg may still be beneficial in the treatment of PCOS and future studies evaluating higher doses, longer durations, and potentially different preparations of Mg are needed (39) .
In a 2017 positively rated, double-blind RCT, Jamilian et al. investigated the effects of Mg, Zn, Ca, and vitamin D supplementation on glycemic control (40) . Premenopausal Iranian women (n = 60) were matched using BMI, age, and PCOS phenotype and randomly assigned into 2 groups: placebo or intervention to receive 100 mg Mg, 4 mg Zn, 400 mg Ca, and 200 IU vitamin D for 12 wk (40) . Both the control group and the intervention group were prescribed metformin, starting with an initial dose of 500 mg, which was increased by 500 mg each week until reaching the target amount of 1500 mg/d (40) . Participants were advised to maintain normal habits and track 3-d dietary and physical activity records at weeks 0, 3, 6, 9, and 12 (40) . Upon completion of the 12-wk trial, the supplemented group, when compared with the placebo group, had significantly increased serum Mg concentrations (+0.1 ± 0.1 compared with −0.1 ± 0.3 mg/dL, P = 0.002) (40) . The supplemented group compared with the placebo group also had a significant reduction in serum insulin concentrations (-1.9 ± 4.6 compared with +0.4 ± 2.8 μIU/mL, P = 0.01) as well as HOMA-IR (-0.4 ± 1.0 compared with +0.1 ± 0.6, P = 0.02) and a significant increase in the QUICKI (+0.01 ± 0.02 compared with −0.0003 ± 0.01, P = 0.02) (40) . However, there was a significant difference in baseline values between the 2 groups for fasting plasma glucose (FPG) (P = 0.03), Mg (P < 0.001), and Ca (P = 0.005) (40) . After the adjustment of baseline values of biochemical variables, age, and baseline BMI, the difference in changes of insulin (P = 0.10), HOMA-IR (P = 0.08), and QUICKI (P = 0.08) between the 2 groups were no longer significant; however cardiometabolic parameters including total cholesterol and triglycerides remained significantly lower (P < 0.05) (40) . Despite lacking significant differences after the adjustment of baseline values for glycemic parameters, the authors suggested that Mg-Zn-Ca-vitamin D cosupplementation over 12 wk in women with PCOS may still have an advantageous effect on insulin sensitivity and markers of cardiometabolic risk (40) . The study, however, had some limitations as the researchers failed to show the data for baseline serum values and did not note if the values were below the normal target range (40) . Furthermore, much of the baseline values between the 2 groups were significantly different (40) . Finally, since the intervention was a cosupplement, it is difficult to determine which, if any, of the nutrients may have exerted any beneficial effects (40) .
Most recently, Jamilian et al. (2019), evaluated Mg and vitamin E cosupplementation on metabolic profiles of women with PCOS, in another positively rated, double-blind RCT (41) . Subjects were randomly assigned into 2 groups via computer; the intervention group, receiving 250 mg/d Mg plus 400 mg/d vitamin E (n = 30) or the placebo group, receiving a similar shape and size capsule (n = 30) over 12 wk (41) . All participants completed a 3-d food record with 3 physical activity records at weeks 0, 3, 6, 9, and 12 (41) . Upon completion of the 12 wk study and after results were adjusted for baseline values, age, and BMI, the supplementation group compared with placebo had significantly reduced serum insulin concentrations (-1.0 ± 0.5 compared with 1.5 ± 0.5 μIU/mL, P = 0.002) and HOMA-IR (-0.2 ± 0.1 compared with 0.4 ± 0.1, P = 0.001), with significantly increased QUICKI (0.003 ± 0.003 compared with −0.008 ± 0.003, P = 0.002) (41) . The researchers concluded the Mg and vitamin E cosupplementation over 12 wk among women with PCOS improved markers of cardiometabolic risk with a nonsignificant trend towards improved insulin sensitivity (41) . Some limitations of the study included the duration and small sample size as well as the cosupplement invention, which similar to the previous study, remains unclear whether one single supplement improved the noted markers of IR or if improvement was due to the cosupplementation (41) .
The effects of Mg supplementation among women with PCOS remain unclear. So far, only 3 RCTs (39-41) have evaluated the effects of Mg supplementation on glycemic control among women with PCOS. Although numerous studies have noted improved glycemic control with Mg supplementation among other populations, including type 2 diabetes (42) and gestational diabetes (43) , current research has failed to associate Mg supplementation with significant glycemic improvements among women with PCOS (39). Whereas Jamilian et al. (2017 and 2019) found cosupplementation containing Mg significantly increased serum Mg concentrations (P = 0.002) (40, 41) , only the cosupplementation of Mg and vitamin E has been noted to have a statistically significant effect on IR after adjusting for baseline values (41) . However, despite not having statistical significance, the cosupplementation of Mg, Zn, Ca, and vitamin D, after adjusting for baseline values, actually resulted in a greater change in insulin (−1.6 ± 0.7 μIU/mL) (40) when compared with the statistically significant decrease in insulin (−1.0 ± 0.5 μIU/mL) with the Mg and vitamin E cosupplement over 12 wk (41) .
Limitations
It is unclear if the association between IR and Mg supplementation is dose dependent, or rather, if IR is impacted by Mg deficiency. Furthermore, research has produced clinically significant results with the use of cosupplementation (40, 41) as well as a diet rich in Mg (33) . Within the observational studies, only a few considered confounding variables such as supplemented Mg. One study failed to evaluate dietary supplementation (37) , whereas others use supplementation exclusion criteria, but only if the supplement had been consumed 2 (36) or 3 (35) mo prior to enrollment. Muneyyirci-Delale et al. noted subjects were instructed to maintain normal dietary habits (39) , however, they failed to evaluate the macro-and micronutrients within the "normal" diet. These confounding variables may have influenced the overall outcomes. All 3 RCTs were of short duration (39) (40) (41) , however, studies evaluating insulin sensitivity and glucose control among both diabetic and nondiabetic individuals without PCOS noted Mg supplementation for >4 mo significantly improved HOMA-IR and fasting glucose (25) . Research indicates women with PCOS are more likely to underconsume Mg-rich foods (32, 33) and have a greater likelihood of lower serum Mg (36, 37) when compared with women without PCOS. In 1 study, Mg cosupplementation was associated with improved IR and markers of cardiometabolic risk among women with PCOS (40) .
Future research, including RCTs of larger sample size and longer duration, is needed to evaluate the effectiveness of single supplementation versus cosupplementation as well as to determine the optimal duration and dosage of supplementation.
There are some limitations within the research, particularly with regards to assessing serum Mg. Most of the body's Mg is located inside cells or in bone, thus the serum concentration may not accurately depict true Mg status (11, 12) . Currently, there is no gold standard to assess Mg status, however, for the most comprehensive analysis, both laboratory tests and clinical assessment might be required (11, 12) . Furthermore, only 3 (35, 36, 39) out of the 7 studies excluded individuals on medications, including PPIs. This confounding variable is of importance because chronic PPI-induced hypomagnesemia does not respond to Mg supplementation with an increase in Mg serum concentrations (11, 12, 20) . Additionally, the research has not consistently matched women with PCOS upon BMI, age, phenotype, anovulation, or IR. Furthermore, biochemical parameters for serum concentrations were not routinely captured at baseline (40) . Finally, there are limitations when using fasting values including HOMA-IR and QUICKI to measure IR and insulin sensitivity among women with PCOS, as the results are highly variable (44) . Assessment measures found to be more accurate for the determination of IR and insulin sensitivity include the oral-glucose-tolerance test (OGTT) (44) and the gold standard, the hyperinsulinemic euglycemic glucose clamp technique (45) .
Applications to Practice
Mg is a cofactor for numerous biochemical reactions (11, 12) . Current research indicates women with PCOS are more likely to underconsume Mg-rich foods (32, 33) and have a greater likelihood of lower serum Mg (36, 37) . However, serum Mg may not be the most reliable criteria for assessing Mg status (11, 12) and as such the use of a nutrition-focused medical history with dietary analysis as well as a physical examination should be utilized when assessing the overall status of the patient. Although it is uncommon for an individual to have a symptomatic Mg deficiency due to low dietary intake, health conditions such as type 2 diabetes, gastrointestinal diabetes, chronic alcoholism, and medications, including PPIs and diuretics, may increase the likelihood of deficiency (12) .
The clinician should evaluate for potential Mg deficiency via foodand nutrition-related history, reviewing sources of Mg, including legumes, leafy greens, potatoes, and quinoa. An assessment of medications and supplements, biochemical data, and physical findings should also be conducted. Excessive vitamin D supplementation, chronic diarrhea, fat malabsorption, and medications, particularly long-term use of PPIs, may increase the risk of Mg deficiency (11) . Patients with mild Mg deficiency may have no significant signs or symptoms. However, symptoms of Mg deficiency may include a decreased appetite, nausea, vomiting, fatigue, and weakness (11, 12) . With more severe deficiencies, individuals may experience numbness, tingling, muscle cramping, seizures, and changes in personality, as well as arrhythmia, coronary spasms, and hypocalcemia or hypokalemia (11, 12) .
Finally, it appears dietary Mg may not be the only or best solution for improving glucose metabolism and insulin sensitivity among women with PCOS. Utilizing a nutrient-dense diet, such as the Dietary Approaches to Stop Hypertension (DASH) eating pattern (33) that is high in Mg, potassium (K), Ca, and low in sodium, is associated with improved health outcomes including CVD, DM, and metabolic syndrome (33) . Micronutrients often underconsumed among women with PCOS include Mg, K, Ca, vitamin D, and folate (32, 33) . Furthermore, lower serum concentrations of essential elements including Mg (35) (36) (37) , Mn (36, 46) , and Cr (36) are noted among women with PCOS when compared with women without PCOS. An individualized plan for the supplementation of micronutrients may be warranted for women who struggle to meet their micronutrient needs.
Conclusion
Women with PCOS are more likely to underconsume Mg-rich foods (32, 33) and have a greater likelihood of lower serum Mg concentrations (36, 37) . The results of the observational studies indicate an association between Mg and IR among women with PCOS (35) (36) (37) (38) . It remains unclear whether adequate dietary Mg or supplementation improves insulin sensitivity among all women with PCOS, however, there is some evidence to suggest that improved IR can be obtained in women with PCOS as a result of Mg cosupplementation (39, 40) . Dietary interventions and micronutrient supplementation may prove to be a viable treatment option for women seeking disease control without medication, however, more research is needed.
Although research has made great strides with regards to the evaluation and treatment of PCOS, the etiology, progression throughout the lifespan, spectrum of symptoms, and various morbidities still remain rather elusive. Furthermore, the true pathogenesis of disease is still unknown. Although unregulated steroidogenesis, IR, genetics, and oxidative stress likely play a role, additional studies are needed to better understand the disease in order to prevent comorbidities and treat PCOS. Larger studies of longer duration, evaluating both IR + PCOS compared with NIR + PCOS women and PCOS phenotypes are necessary. Moving forward, the relation between supplementation of micronutrients, particularly those consumed in lower quantities within this population, such as Mg, vitamin D, Ca, K, folate, and antioxidants, would also be of value. Although it remains unclear if dietary Mg and/or Mg supplementation should be a nutritional strategy encouraged for all women with PCOS, current research indicates an association between achieving adequate Mg status and improved IR.
